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The use of infrared sensors for military applic;:ations has been pro-
ducing successful i,esults for several years. Civilian uses for infrared 
sensors are now being rapidly explored and developed. The development 
of the techniques required to detect and measure infrared radiation ex-
perienced a gradual evolution. Barr (1) gives an account of the early 
development of the infrared spectrum. Other references (2,3,4) also 
review the military and civilian uses for infrared sensors. The appli~ 
cation of infrared sensing to the detection and surveillance of forest 
fire~- is one of these uses. 
The U.S. Forest Service, since 1961, has been conducting a forest 
fire detection research program at its Northern Forest Fire Laboratory, 
Missoula, Montana. Hirsch (5,6) has defined the extent of the fire de-
tection problems and described the general performance requirements for 
operational fire detection systems. Wilson (7,8) has formulated the 
performance requirements for an airborne infrared scanner; results ob-
tained with a prototype system are included. The infrared scanner pro-
duces a thermal map of the terrain under surveillance. The objective 
of the fire detection research program has been the development of a 
system capable of detecting both man-caused and lightning-caused fires 
day or night under all atmospheric conditions and in the wide variety 
of fuel and topographic conditions. 
1 
This thesis describes the design and construction of an infrared 
system to <letect incipient forest fires. The system was built with the 
primary objective of investigating the various parameters and problems 
of forest fire detection. The system was built as simply as possible 
and the system performance would not be optimized. 
The thesis reviews the characteristics of infrared radiation and 
the basic radiation laws. Factors determining the received signal at 
the aperture of an infrared system are examined and discussed. Target 
to background contrast, transmission through the atmosphere, and detec-
tor parameters all must be considered. 
The infrared detection system which was designed and constructed 
2 
is a tripod-mounted, battery-powered, portable instrument. The spectral 
pass band of the instrument, defined by the detector, is from 1 to 5 µ. 
The detector is a lead selenide detector operating at 295°K. The main 
components of the system are the optical system, the detector and chop-
per, the preamplifier, and the power supply. A meter readout is obtain-
ed by using a portable ac voltmeter connected to the output of the sys-
tem. The detection system can now be used as the basis for further 
study of the problems of forest fire detection. The objectives would be 
to develop techniques other than airborne mapping techniques. 
CHAPTER II 
THEORETICAL DISCUSSION 
Characteristics of Infrared Radiation 
The region of the electromagnetic spectrum where infrared radiation 
occurs is called the infrared spectrum. The unit of wavelength used in 
-4 ) the infrared spectrum is the micronµ (1 micron~ 10 cm. The spect-
rum has a lower limit of 0.72 µ and extends to approximately 1000 µ as 
shown in Figure 1. The wavelength A is related to the frequency v by 
>.. = c l = 
v v' 
where C is the velocity of light (C = 3 x 1010 cm/sec.). The wavenumber 
v' is the reciprocal of the wavelength A. It is customary to use the 
actual frequency v rather than the wave number v' in discussions of 
blackbody radiation. 
Any object whose temperature is above absolute zero radiates 
energy with much of· it being radic;lted in the infrared spectrum. The 
emission is the result of accelerating charges within the object. The 
amount and spectral characteristics of the radiated infrared energy are 
dependent upon the absolute temperature of the object, its surface na-
ture or emissivity, and its surface area. 
Electromagnetic radiation may be classified by wavelength distri-
bution as band spectra, line spectra, or continuous spectra or some 
combination of them. Band or line spectrum sources radiate strongly in 
3 
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some narrow spectral intervals but in other wavelength intervals do not 
radiate at all. A plot of emission versus wavelength shows a series of 
emission bands or lines and the curve is discontinuous. Continuous 
sources emit radiation over a broad and continuous band of wavelengths. 
A plot of emission versus wavelength is a smooth curve usually having 
only one maximum. Each type of spect!t'al source has found extensive use 
in basic research. 
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The thermal emission of solids is very difficult to explain by the 
use of electromagnetic theory. A thermodynamic approach hai; been used 
to explain the thermal emissionof solids (9). The concept of an ideal 
radiator or "blackbody", fundamental to an understanding of the princi-
ples of infrared radiation, has evolved from this approach. The ideal 
radiator emi,ts radiation over a broad and continuous band of wavelengths 
and thus is a continuous source. The following sections reveiw the 
basic radiation laws and the characteristics of the radiation for such 
ideal radiators. A discussion of the basic radiation laws and the 
characteristics of the radiation is covered by several authors (9,10,11, 
12,13). The symbols used to describe radiometric quantities and their 
units are found in Table I. 
The concept of a "blackbody" was postulated as an ideal absorber, 
absorbing all radiation incident upon it, and.as an ideal radiator of 
radiation, emitting all radiation at the maximum possible, at all tem-
peratures and for all wavelengths (13). Cavity-type blackbody sources, 
as used in the laboratory, approach the perfect blackbody. The black-
body is used as the standard for infrared work. The intensity of the 
radiation from such a cavity is a·function of temperature only, and the 








































Radiant energy ,a!!· 
per unit volume 0V 
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TABLE I (Continued) 
Irradiance per unit oH 
wavelength interval o>.. 
Radiant intensity per 
unit wavelength in- oJ 
terval o>.. 
Radiance per unit a!! 
wavelength interval o>.. 
(After reference 11) 
7 
w sr-1 µ. -l 
8 
The radiation efficiency of a body is described by its emissivity 
e. Emissivity is the ratio of the rate of radiant energy emission 
from a body, as a consequence of its temperature only, to the corres-
ponding rate of emission frorri a blackbody at the same temperature (11). 
The emissivity e of a blackbody is set equal to unity. A substance 
having a emissivity less than unity is termed a "graybody". The gray-
body radiate or absorb less radiant energy than a blackbody would at the 
same temperature. 
Absorption, reflectil;m, and transmission are the processes that 
account for all incident radiation on an object. The above terms must 
be equal to unity: 
0:1+ p+T = 1 
where the absorptance OI is the ratio of the radiant energy absorbed by 
a body to the energy incident upon it. The radiant reflectance p is the 
ratio of the radiant energy reflected by a body to the energy incident 
upon it. The radiant transmittance·T ·ts· the rat'io of the radiant energy 
transmitted through a body to the energy incident upon· it.· For an 
opaque material (T = 0) the expression is 
O! + p = 1 
then 
e = 1 -· p 
where e is the emissivity. The conditions character{zed by a blackbody, 
a perfect absorber~ are 
a = 1 e = 1 p = 0 'I" = o. 
Kirchoff's law states that the ratio of the radiant emittance W of 
any real body to the radiant emittance of a blackbody is given by 
w 
a = 
where a is the absorptance. For a blackbody a = 1, and thus 
a = e 
and 
9 
The above relation gives an expressi9n for the radiant emittance for any 
source that is not a blackbody. 
Planck's law repre$ents the complete spectral distribution for a 
blackbody. Planck showed that it was necessary to assume that energy 
occurs only in discrete units of hv and that the energy of a quantum 
of radiation is 
E = h'.V 
·27 
where his Planck's constan~ (h = 6.62 ~ 10 erg sec). Planck's law 
states that the spectral radiant emittance WA <,>fa blackbody at wave-







where c1 = 3.74 x 10-12 watt cm2 = 3.74 x 104 watts µ 4 cm-2 and 
c2 = 1.438 cm °K = 1.438 x 104 µ°K. 
The last values given for the constants a,e for use when the wavelength 
is expressed inµ. The spectral radiant emittanc$ WA. is expressed in 
2 -1 watts cm- µ of wavelength interval. The spectral radiant emittance 
versus wavelength plotted for a blackbody at various absolute tempera-
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by considering the number of possible modes of oscillation for electro-
magnetic waves inside a cavity together with the average energy of each 
mode (10). 
Integrating the Planck equation over all wavelengths yields the 
Stefan-Boltzmann law 
w ·::::: a T4 
. . ( ~12 -2 0 -4 
where a is the. Stefan-Boltzmann constant Cf = 5. 67 x 10 w cm ( K) ) • 
Wis the total.radiant emittance (w cm-2) emitted by each square centi-
meter of su.rface area of a. perfect black'l;>ody at ab&olute temperature T 
(°K). The expression of the·. St.efan ... Boltzmann law for sources that are 
not a true blackbody is 
where e is the emissivity;, 
w = . 4 eaT. 
. The. Wien Displacement law can be obtain.ed from Planck I s law by 
differentiating Planck's equation and setting the derivative equal .to 
zero. The result obtained is 
Amax T = constant = 2897.9µ (°K). 
Knowing the absolute temperature T of a blackbody, the Wein Displacement 
law tells where the peak of the radiation curve falh and the wavelength 
at which the maximum emittance occurs. A plot of the Wien Displacement 
law is shown in Figure 2. 
The four basic radiation laws, Kirchoff's law, Planck's hw, 
Stefan-Boltzmann law and Wein Displacement law have been reviewed. 
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Blackbody slide rules, using the basic radiation laws as the basis of 
their construction, have been built for rapid calculations of radiomet-
ric quantities. One such rule is the General Electric Radiation Calcu-
lator GEN-l5C and is available from the General Electric Company. Ap-
plication of the basic laws to a particular source require knowledge of 
the shape of the source, the stirface area, and its temperature and 
emissivity. 
A spherical source emits uniformly into 4 TT steradians, whereas an 
emitting plane surface is characterized by a cosine distribution. Thi,s 
cosine distribution is known as LambElrt 1 s law of cosines. A cavity-type 
blackbody source emits radiation from its ap~rture acc9roing to Lambert's 
law and is referred to as Lambertain source (11). The Lambertian sur-
face has a constant radiance N which is the same in all directions. 
The radiant emittance W of a Lambertian surface is given by 
W = p =i N cos 9 d(l T 
where P is the r.;1diant power, A is the area, and O is the solid angle. 
The radiance N is defined as 
N = 
cos9o AoO 
The differential stilid angle defined in Figure 3 is 
dO = r
2 sine d0 d~ 
2 
r 
When the radiance of a surface at a point is N = N(0,~), the radiant 
emittance Wat that point is 
w = II N(S,cp) cos e sine d0 dcp 
dn = rsin0d4> rde 
r2 
. dJt = sin 8d<f> de 
Figure 3. Differential Solid Angle 
I-' 
w 
and the integration is carried out over the solid angle containing the 
radiation beam. If the beam is a perpendicular inverted circular cone 
of half angle a, 
For a Lambertian surface N is constant and 
W = 2TTN(cos 9 sin 9 d9 = . 2 s1.na. 
The radiant emittance from a Lambertian surface into a hemisphere 
( Ct = ll) is 
2 
w = TT N. 
14 
Kruse, McGlauchlin, and McQuistan (9) have a 4iscussion of emitting and 
absorbing characteristics of surfaces. Radiation emitted from real 
bodies can seldom be described or approximated by Lambert's cosine law. 
It is also difficult to characterize a real body by a. single temperature 
and a simple area {actor. 
Infrared System Considerations 
The application of infrared detection to the problem of reconnais-
sance and surveillance is of particular interest. An infrared system 
which depends upon the direct radiation from the target for detection 
is referred to as a passive infrared system. An active infrared system 
uses an artificial source to illuminate the target and the system de-
tects the reradiated infrared energy. This discussion is concerned with 
the problems associated with a passive system. The primary objective of 
the system is the detection of a target against varying backgrounds 
15 
through an intervening atmosphere. 
The design of an infrared system for reconnaissance and surveil-
lance depends on many parameters but some are basic. The detection of 
the target ultimately depends on the contrast between the source radia-
tion and the background radiation. The nature of the target, its char-
acteristic radiation, emissivity, reflectivity, and range must be known. 
Background radiation is emitted by several sources and the nature of the 
radiation is important. The radiation emitted by the target and its 
background must pass through the atmosphere before it enters the in-
frared system. This may be a long pai;;sage through the earth's atmos-
phere, and t;he modification of the target and background radiation by 
absorption or scattering processes in the atmosphere must be taken into 
account. Consideration of these factors will indicate the specific 
wavelength region between which optimum system detectivity can be 
achieved. 
Background and Target Radiation 
Background radiation originates from natural sources which are of 
a terrestrial or celestial nature. Terrain background is due to all 
natural features of the terrain, trees, rocks, sand, earth and water. 
The terrain background may also :i,.nc1ude man-made·objects such as build-
ings. A survey of the unclassified Literature on terrain backgrounds 
is given by reference (14). The spectral characteristics of background 
radiation depend on the absolute temperature of the terrain, and the 
terrain characteristics as described by the emissivity and the reflec-
tivity. Sky background, the background for all directions of view above 
the horizon, is formed by the atmoS1phere of the earth and by the sun, 
16 
moon, planets and stars beyond the ~tmosphere. Knowledge of the spect-
ral di~tributi~ITT ©f the terr~in @r §ky backgrounds is required to optim-
i~e the t~~get=to=background contrast. 
~pectrd radiance NI\. of terrain is determined by emissivity P 
reflectivity 9 temperature of the terrain, and the effect of the inter-
vening atmosphere. Reference (11) Gontains values for the above para-
meters. A mean temperature of approximately 300 °K may be used as the 
mean temperature for terrestrial surfaces. The surface temperature of 
the earth will depend upon the incident solar radiation, the nature of 
the terrain and the local weather conditions. Using the absolute tem-
o perature of 300 K, the Wein Displacement law places the peak of the 
radiation curve near 10 µ. • This is the wavelength Amax' or the wave-
length at which the terrain emits its maximum radiation. The reflect-
ance values for natural objects, at wavelengths shorter than 3µ, range 
from 0.03 for bare ground or ocean to 0.95 for fresh snow. Kruse, Mc-
Glauchlin, and McQuistan (9) suggest that for apprqximate calculations 
regarding the general level of background radiation, terrain can be 
assumed to be a gray body having emissivity of 0.35. The temperature of 
the terrain would be the temperature taken from a thermometer located in 
the terrain. 
Measurements of the spectral radiance of nearby terrain (up to 
several hundred feet) show that it closely approximates a blackbody 
curve for the temperature of the terrain (11). When the temperature is 
300°K, the peak of the blackbody curve is at 10 µ. A radiation slide 
rule calculation indicates that less than 0.2% of this energy is radia-
ted below 4 µ.. 
Radiation from terrain is the sum of the reflected sky radiation 
17 
plus the radiation emitted by a blackbody at the terrain temperatureo 
The reflected sky radiation occurs below 4 BA a,nd is from scattered or 
diffusely reflected s\,lrilight. The daytime spectra of objects at ambient 
temperature show a minima around 3 to 4 µ.. Measurements of the infra~ 
red spectral radiance from varioµs objects and surfaces have been made 
( 11). l;n the 10 µ. region the spectral radiance of terrain follows 
changes in temperature, Near sundown the radiance falls rapidly and 
then slower during the night. After sunrise it :rises to a maximum 
shortly after noon. Below 3 1Jr , the sc;:attered radiation from the sun 
is .dominant during the daytime. After sundown there is no infrared 
radiation from this sQurce, 
The effect o.f the atmosphere on the radiation from distant terrain 
has also been noted (U). The .atmosphere absorbs radiation a,t certain 
wavelengths (discussed in the next section) and the radiation from dis-
. . . 
. . 
tant terrain l~ altere<i at: thes~, wavelengths. The res1,1lting. spectral 
radi.ance measurements do not fit a single bla!!;kbody curve. At wave-
lengths where absorption takes place the observed radiance approximates 
a blackbody curve which has•• the· satlle absolute temperature as the nearby 
terrain. At wavelengths where absorption does nc,t take place the ob-
served radiance fits a bl~dcbody curve which has the same absolute tern-
perature as the distant terrain, The effect of atmospheric absorption 
on the design of infrared systems is illustrated by this example. 
Sky background radiation is caused by the scattering of the solar 
radiation and by the thermal emission of radiation from the molecules in 
the atmosphere. The scattered radiation being scattered from the mole .. 
cules, particles and water droplets in the atmosphere is particula:dy 
affected by cloud distribution. The solar scattering region is the 
18 
region of the spectrum below 3 fJ, ~ and the thermal emission region beyond 
4 I,!," Solar scattering can be represented by reflect ion from a s'l,n1tlit 
cloud. An upper limit of sky radiijnce assumes that all the sun 1 s radia-
tion is uniformly scattered toward th~ earth so the sky has a uniform 
brightness. Under this condition the radiance occurs at 0.5 ~· A plot 
of the spectral i:rradiance for t;he sun's rays is given in Figure 2. The 
figure also shows the spectral distribution of the sun observed through 
. 0 
the atmosphere as approximat~d by a blackbody at 5800 K. The thermal 
emission region can be represent~d by a 300°K blackbody (6). 
Infrared Transmission Through the AtmQspher.e. 
Infrared radiation 'transmitted through the earth's atmosphere is 
attenuated at 6ertain wavelengths and the effect on the performance of 
an infrared system must b~·consi(iered. Th~ radiation is attenuated be-
cauSe of. absorptiondue· to the gases of the atmosphere. Radiation may 
also be scattered by particles suspended in the path through t.he atmos-
phere. 
Infrared radiation can penetnte smoke and atmospheric haze more 
effectively than visible.light.because of its longer wavelength rela-
tive to the particle size in the scattered haze, Transmission of in-
frared through fog and clouds is little better than visible light for 
water vapor particle size renders them opaque. The optical properties 
of the atmosphere, the theory of molecular absorption, and the theory of 
scattering by the atmosphere (Rayleigh scattering and Mie scattering) 
are discussed by Kruse, McGlauchlin and McQuistan (9). The gases pre.;. 
sent in the atmosphere in the greatest abundance are nitrogen, oxygen, 
water vapor, carbon dioxide, methane, nitrous oxide, carbon monoxide, 
19 
and ozone. The gases oxygen an4 nitrogen are the gases with the highest 
concentration, but they c;lo not exhibit any molecular absorption bands. 
The most important gases at sea level and up to 40,000 ft. which have 
absorption bands are water vapor and carbon dioxide. Water vapor has 
absorption bands at 1. 1 µ., 1. 38 µ. , 1. 87 µ., 2. 7 µ. and 6 µ. • Carbon dioxide 
bands are located at 2.7µ., 4.3µ. and 14.5µ, (9). The atmospheric trans-
mission curves up to 5.5 µ. are shown in Figure 4 and Figure 5 (10). The 
figures show the water vc1por and carbon dioxide absorption bands. The 
atmosphere is essentially opaque to infrareµ radiation in these absorp-
tion bands. !he transmission curves also show regions of relatively 
high transmission between the absorpti9n bands. These regions are re-
ferred to as "atmospheric windows." The spectral limits are 1.5-1.8 µ., 
2-2.6 µ. , 3-4.2 µ. , 4.5-5.3 µ.., and 8-14 µ. • The term "atmospheric 
window" is a qualitative term. for the windows will broaden or narrow as 
a function of altitude, barometric pressure, and the concentration of 
water vapor and carbon dioxtde in the atmosphere.· Transmission through 
the windows is correspondingly affected. The constderation given these 
regions of atmospheric transmission greatly affect the spectral require-
ments of components used in infrared systeqis. 
Infrared Detectors 
The detection of infrared radiation may be accomplished by any one 
of three basic interactions of the radiation with the surface of a semi-
conductor. The three forms of interactf_on all give rise to photoef;fects 
and can be referred to as the external photoeffect, the internal photo-
effect and the thermal effect. 
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effect. It occurs when the ident s v,qft)h the, 
with en energy greater than the thre ld energy or the minimum energy 
required to free an electron from the material. The internal photo-
effect occurs when a photon having energy greater than a minimum re-
quired by the material interacts with the material to produce a free 
electron, a free hole, or both. Internal photoeffects include photo-
conductivity, photovoltaic effect, and photoelectromagnetic effect. De-
tectors based upon either the external or internal photoeffects are 
called photodetectors. 
The thermal effect results from the interaction of radiation with 
the material, heating the material as the energy is absorbed, causing 
a temperature rise in the material. The resistivity of the material 
is a function of the temperature. Measuring a change in the resistivity 
results in detection of the radiation. 
The detection mechanisms thus clas'sify detectors according to two 
types; thermal detectors and photodetectors. Thermal detectors have 
responsive elements sensitive to changes in temperature due to changes 
in incident power. They respond equally well to radiant energy Qf all 
wavelengths, or have a flat response. The response time, however, is 
measured in milliseconds. Examples of thermal detectors are metal and 
thermistor bolometers, thermocouples, and Golay cells (9). Photodetec-
tors have responsive elements which are sensitivie to fluctuations in 
the number of incident photons. Photodetectors are responsive only over 
a certain spectral region, responding only to those photons of suffic-
iently short wavelengths. Their response is also proportional to the 
rate at which photons are absorbed at a given wavelength. Assuming 
equal amounts of incident power at any particular wavelength, the re-
23 
sponse usual 
detectors is measured in microseconds. 
Photodetectors are classified according to the effect used to de-
tect the fluctuations in incident photons. The common types are photo-
voltaic detectors, photoconductive detectors and pho·toelectromagnetic 
detectors. Any change in the photon flux incident upon a photovoltaic 
detector results in fluctuations in the voltage generated by the detec-
tor. The photovoltaic detector has the advantage that it requires no 
bias voltage. Photoelectromagnetic detectors place the responsive ele-
ment in a magnetic field. Photons absorbed at the surface of the ele-
ment generate charge carriers which diffuse into the bulk and are seper-
ated by the magnetic field. This separation·of charge produces an out-
put voltage which fluctuates according to the fluctuations in the number 
of incident photons. No bias voltage is required. Any change in the 
number of photons incident upon a photoconductive detector results in 
fluctuations in the number of free charge carriers in the semiconductive 
material. The electrical conductivity of the responsive element is in-
versely proportional to thephoton flux. Det"ection of the radiation is 
accomplished by monitoring the changes in the conductivity. 
The detection mechanisms of infrared detectors are discussed 
throughly by reference (9) and reference (10). Reference (9) is most 
complete, presenting a discussion of the mathematical theory of the most 
important infrared detection mechanisms. The sources of detector noise, 
thermal noise, 1/f noise, generation recombination noise, and shot noise 
are covered. The ideal photon detector or 11Blip 11 detector has no in-
ternally generated noise and is capable of counting every photon of 
wavelength shorter than the cutoff wavelength Ac which reaches the de-




The selection of an infrareddetector must be based upon parameters 
that adeqµately des~ribe the detectors general characteristics and the 
nature of its response to radiation. The parameters used must also 
allow comparison of the performance of a particular detector to detec-
tors of different types. A definitive report setting the standards for 
infrared detection measurements and the parameters for describing their 
performance is given by reference (16). The standard report on a parti-
cular detector includes a description of a detector, the conditions of 
measurement, a diagram of the input circuit to the preamplifier, and the 
data on the test results. Data on commercially available infrared de-
tectors of all types is given by reference (11). 
Various parameters must be specified in order to describe the per-
formance of detectors. These parameters include such things as the re-
sponsive area, modulation frequency, spectral character of the radiant 
power, bias voltage level, and the electrical bandwidth of the measuring 
equipment. Figures of merit have been defined which take into account 
these parameters and allow two independent measurements of a detector's 
performance to be compared. The figures of merit are responsivity R, 
noise equivalent power NEP 1 normalized detectivity, and time constant 'I". 
These are the figures of merit most commonly used; a complete list of 
detector parameters are defiqed and placed in a table by reference (11). 
The responsivityR is defined as the ratio of therms signal vol-
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tage Vs at the fundamental radiation signal frequency to therms radia-
tion signal power Ps at the same frequency. The ratio is 
R = .vs. rms 
Ps~ rms 
volts rms/watts rms. 
The responsivity of a particular detector is governed by the parameters 
such as the spectrum of the incident radiation, the frequency fused to 
chop the radiation, the op~rating temperature of the detector, and the 
bias voltage b. The responsivity written as a function of these para-
metel;'s h 
R == R( b , f , A ) . 
where A denotes the spectral dependence, 
The noise equiyalertt power NEP is defined as the minimum rms value 
. . ·. . 
of the funda:merit.ai frequency component of the radiant signal power Ps 
. . . 
falling on the c:letectot" which will give rise to an J;"mS signal voltage 
Vs eq\,lal to the··rms nC>ise vQltage Vn from the detector. NEP is 
.NEP = 
. . . -1 
Ps;rms (Vs,rms/Vn,rms) watt 
o:i:-
NEP = Vn,rms/R. 
NEP is a function of the various operating parameters of the cell. The 
signal voltage Vs varies with the bias voltage, chopping frequency, and 
responsive area. The noise voltage Vn varies with the bias, chopping 
frequency, respopsive area, and electrical bandwidth. The radiant sig .. 
nal power Ps varies with wav~length and responsive area. A blackbody 
Cl) . .. 
source of absolute. tempe:r;atute · . .500 K is ·the standard(used ih ·test mea-
sur.ements •. · The results of the test express NEP as 
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NEP (500°K, 840,15). 
The 840 refers to the chopping frequency f and the 15. refers to a 15 Hz 
bandpass. 
It must be remembered that NEP cannot be used to compare different 
detectors unless the value of NEP is adjusted to account for possible 
differences in the responsive areas or the differences which might exist 
in the measurement proce.dure. A figure of merit has been defined which 
does eliminate the problem of area and bandwidth dependence. The term 
commonly used for the comparison of detectors is the normalized detec-
tivity n*. The normalized 9etectivity n* is given by 
* D = (A ·fl f)l/2 NEP cm (Hz)
1/ 2 watt-1 
* . In order to designate the test conditions, D is written as 
· .. , ...... 
· n* (l,f) = (A 6.-f )1 l 2/NEP ~ , f ,llf) 
D* ( . 0 4 .) 500 K, 8 0 = (A ~ f)l/ 2/NEP (500°K, 840, 15) 
where 840 is the chopping frequency f and 15 is the 15Hz bandpass. 
The time constant is a measure of the speed of response of a de-
tector. The time constant indicates what range of frequency in the 
fluctuation of signal radiation power the responsive element can follow. 
The responsivity can be measured as a function of relative response ver-
sus frequency. This is accomplished by varying the chopping rate of the 
chopper. The detector time constant is estimated from this curve. The 
time constant Tis 
T = 1/2Tf fc 
where fc is the chopping frequency at which the responsivity has fallen 
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to 00707 of its maximum value. 
System Sensitivity 
The selection of a detector for an infrared system will depend on 
the function of the system. If the function of the system is to obtain 
a radiometric measurement of a source, the detector must cover the range 
of expected radiation with a minimum variation in spectral sensitivity. 
Thermal detectors with their flat response are used to make radiometric 
measurements. lf the function of the system is simply the detection of 
the source or target, a detector is selected on the basis of its re-
sponse over the spectral region in which the best possible source-to-,. 
background contrast can be obtained. Photoconductive or photovoltaic 
detectors possessing high values of o* over a limited spectral region 
are generally used. The high .values of o* usually require cooling of 
the responsive element. The term sensitivity has reference to the sig-
nal to noise ratio of the infrared system. The signal due to the tar-
get radiation must exceed the si,gnal du~ to the background radiation by 
an amount which is equal to, or greater than, the detector or system 
noise. The detector is selected a~cording to the function of the system 
and is the main factor determining the sensitivity of the infrared sys,-
tern. 
A gen~ral approach to the calculation of the sensitivity of an in-
frared system will be outlined. Larmore describes a range equation for 
passive infrared devices (17), Other range equations and detection 
criteria are discussed in references (11,12,18,19). The determination 
of the maximum range of an infrared system requires a detailecj analysis 
of the spectral radiance properties of the target, the absorption in the 
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intervening atmosphere, and the response of the detector. These factors 
have all been previously discussed. A range equation containing these 
factors has been formulated, but its solution is not a simple task. 
At the aperture of the infrared system, located at a distance R 
from the source, the spectral irradiance HA is 
where JA is the spectral radiant intensity of the source, and Ta(A) is 
the spectral transmittance of the intervening atmosphere between the 
target and system aperture. Some real sources can be approximated by 
the Lambert cosine law. This assumes the source radiates from a flat 
surface and is close to a blackbody. The spectral radiant intensity JA 
in the direction of the normal to the radiating surface is 
= 
where A is the projection of the target area and NA is the spectral 
radiance. Using the res1,1lt for the spectral radiance of a Lambertian 





JA = 1 w A - ). 
TT 
Now the spectral irradiance at the aperture is 
HA = WA A Ta(~) 
TT Rz 
WA is the spectral emittance of the target as given by the spectral 
emittance of a blackbody at an absolute temperature of T° Kelvin modi-
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fied by the emissivity~ ~f th~ target. 
the.system, is given by 
A0 is the effective aperture area in cin2 , and t 0 is the transmission of 
the opticd system. T 0 0 .. ) varies between zero and one. 
In order to allow for the wavelength dependent response character-
istics of the detector, the relative spectral response of the detector 
!:(X) is used. The effective radiation at wavelength l falling on the 
detector becomes 
The total signal power available to the detection system is 
s = fxi ~ A To (X) Ta (l ) !: C\ ) ~ 
. O . TT R2 
The detection of a target with ~ignal power S depends upon the sig-
nal to noise ratio S/N which can be tolerated and the value of the noise 
N introducted into the system by the background radiation, the electron-
icsi or the detector itself. The signal t6 noise ratio is 
s s 
N c; mP 
where NEP.was defined as 
NEP = 
Thus, S/N can be written as 
S/N = A 
This equation can be solved directly for the range R only for special 
cases where the atmospheric transmittarice T/A) is independent of R. 
Ta(A) is independent of R only at higher altitudes. For this 
special case the range is 
· R = ·~ ... · .. A .· · J0 WA Ta(A) T0 (i)E (X)·· ... dX. I l/2 LNEP S/N. 0 
At altitudes where Ta().) :j.s a function of path length R, graphical or 
numerical methods must be used.·· Reference ( 14) discusses this graphic.al 
solution method. 
CHAPTER III 
INFRARED SYSTEM DESIGN AND CONSTRUCTION 
Preliminary Design Considerations 
The choice of componeri.ts for an infrared.system is determinl:!d by 
the function of the instrument and the kind of information desired. A 
passive infrared system was discussed as having its prim~ry objective 
the detection of a target again!iit varying backgrounds through an inter-
vening atmosphere. In order to construct such a system, all the factors 
discussed .in the last chapter must be considered. 
The problem proposed was to buUd an infrared !iiystem·capable of 
. . . 
detecting small fires.in order to study the problems of fire detection. 
The infrared systei:n was built .. under .the assumption .that the materials 
used would be inexpensive and.readily available. The instrument must 
be rugged enough to be taken into the field and have .its own power sup-
ply. The constru.ction of t:he system would provide iqformation on forest 
fire detection problems and through its constrU:ction the ?tithor would 
gain an understanding of -infrared systems. 
The basic function of the proposed infrared system would be the 
detection of a small fire against a forest background. A search capa-
bility would be required to the extent that the system could be aimed 
in the general direction of the target and detection would occur. The 
field of view of the instrument was to be as large as cost and mater-
ials would permit. Sensitivity 9f the instrument would be governed by 
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the components selected. The particular detector selected and the opti~ 
cal system used are the most critical factors determining sensitivity. 
The spectrijl c;:.haracteri.stics of the target~ the background~ and the at-
mospheric transmission dictate the selection of the detector. 
Wilson (8) discussed the spectral criteria required for the detec-
. . 
t ion of forest fires by infrared systems. _ Glowing, b1,1rning fue1s assoc-
iated with_applications in forest fire surveillance closely approximate 
the ideal blackbody radiation curves (Figure 2). The 1;1.mits of 600°K to 
0 
1000 K are the absolute_ temperature_ limits used to deftne glowing and 
burning fuels. Simulated fire targets described by Wilson and Noste (7), 
consist of a 14. inch diameter bucket filled with 10 pot,tnds of charcoal. 
The temperatures of the burning charcoal measured_ with a thermocouple, 
ranged from 700°F to U90°F (643°K to 913°K) and avera$ed 892°F (7so°K). 
The radiometer measurement of 895°F (752°K) agreed closely~ The source 
-emission was found to 'be steady between one-half hour and 5 ht>Urs after 
ignition. The radiant energy from this spurce was measured as a func-
tion of the vertical angle referenced to the normal to the source. The 
energy distribution showed the source closely approximates a ~ambertian 
source.-
The mean temperatt1re of the target is 750°K, with lower and upper 
1 imits of 600°K and· 1000°K. respectively., Accalculat ion using t:he Wien 
Displacement will give the wavelen~th Amax at which the maximum radia-
tion will occ;.ur. The mean temperature of . 7 50°K has Amax at 3. 85 p. • 
The lower and upper temperature 1:1.mits of 600°i< and l000°K have Amax 
occuring at 4.80 µ.and 2.89 p.. Glowing and burning fuels emit their 
maximum radiation between 3 µ. and 5 µ. • 
The e_ffect of background radiation superimposed upon the source 
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radiation is the introduction of unwanted noise into the infrared sys-
tem. The sources of background radiation were discussed earlier. The 
temperature of terrain was said to have a mean temperature of 300°K and 
a maximum radiant energy is emitted. near 10~. The emissivity ofter-
rain was taken to be 0.35. The spectral radiance of terrain results 
from thermal emission from the terrain and radiation reflected from the 
ground as well as scattered and emitted radiation coming from the atmos-
phere. The important result is that daytime objects at ambient tempera-
ture show a spectral radiance minima around 3-4 µ. 
The spectral distribution of terrain during the day may be repre-
sented by the solar scattering region occuring below 3µwith a peak 
around 0.5 µ., a minimum in the spectral radiance around 3-4 µ., and the 
thermal emission from terrain resulting in a peak in the spectral rad-
iance near 101,1,. After sundown there is no longer interference from 
the sun due to scattering of its radiation in the region below 31,1,. The 
thermal radiation from the terrain follows changes in the terrain tem-
perature, and the radiation from the 10 JJ, region is reduced after sun-
down. 
The spectral transmission of the atmosphere must now be considered. 
The atmospheric windows were defined, and the absorption of radiation by 
water vapor and carbon dioxide was discussed. These atmospheric win-
dows exist at 1.5-1.8µ., 2.0-2.6 JJ,,3.0-4.2µ., 4.5-5.3µ., and 8.0-14.0 
µ.. The most prominent absorption bands are the 2.7 µ. region of both 
water vapor and carbon dioxide and the 4.3 µ carbon dioxide band. 
The target to background contrast should be best between 3 µ. and 
5 µ. • Glowing and burning fuels emit their maximum radiation near 
these limits and the background radiation from terrain has a spectral 
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radiance minimum around 3-4 µ.. The atmospheric windows to be consid-
ered would be 2 .0-2. 6 µ , 3 .o ... 4.2 µ., and 4. 5-5.3 µ.. The window at 8.0-
14.0 JJ, could be used for fire detection, but thermal emission of terrain 
is present and detectors for this spectral region requires extensive 
0 cooling to temperatures less than 50 K. The effects of the solar 
scattering below 3 µ. eliminates the window at· 2.0.;.2.6 p and also affects 
the window at 3.0-4.2 µ.. Daytime operation favors the window at 4.5-
5.3 µ. with the window at 3.0-4.2 µ. useable. For nighttime operation all 
three windows are useable. The spectral region for forest fire surveil-
lance is the region from 3.0-6.0 µ.. 
Selectibn·of the Irtfrared Detector 
. An infrared system for forest fire surveillance has as its primary 
function the detection of the target. The spectral region of operation 
is limited to the region from 3.0 to 6.0µ. Infrared detectors having 
* . . 
high D values over this spectral region are generally photoconductive 
or photovoltaic det:ectors. The high D* values are usually obtained by 
cooling the responsive el.ement. The proposed detection system is to be 
a field operating unit. Cooling the detector by liquid nitrogen is not 
easily accomplished in the field. Only those photoconductive or photo-
voltaic detectors capable of.operation at 295 °K were considered. 
Infrared detectors •. operation at 295 °K are given in Table II. The 
table lists only the detectors operating at 295 °K that possess the 
* highest D values and also cover a portion of the spectral region from 
3.0 to 6.0 µ.. The detectors are the lead sulfide (PbS) detector, the 
lead selenide (PbSe) detector, and the indium arsenide (InAs) detector. 
The PbSe detector was chosen as the detector having the best per-
35 
TABLE II 
. INFRARED DETECTORS .. OPERATING AT 295 °K 
· l,ead S1.,11f ide 
Detector PbS 
Operational Mode Photoconductive 
Wavelength Band l to 3,5µ.. 
D*(l, m, f) 8 x 1010 







100 to 500 
2 meg 
$49.00 





l .. to 5 µ. 
l x 109 
f = 780 
:s:2 
. s:10 meg 






. l to 4 µ. 
2 x 109 





formance characteristic!? at 295°K because of its spectral response from 
l-5 ~o !he PbS .detector for 295°K operation has a higher D* than either 
PbSe or InAs, but its sp.ectral response h limited to 3. 5 1,;1, o The ef-
fects of the solar irradiance dominate the region below 31,J,. The PbS 
detector also has a larger tiine constant than the others. The InAs has 
a spectral response out to 4 µ,. but i~ has a low impedance that. requires 
the detector to be transformer coupled to the preamplifier. Transformer 
coupling is in general very sensitive to magnetic fields present when 
the detector must be placed next to chopper motors. A severe shielding 
problem may exist. Transformers used for this -applic;ation are specially 
constructed; one such transformer is the Triad G-4 transformer. InAs 
does have,the advantage that it does not require a bias circuit. Maxi-
mum detectivity of the InAs detect;or is achieved by cooling the detectol;' 
0 
to 196 K by use of a Peltier cooler. In the peak response region of 
InAs (3.3µ ), the short time constants, and high detectivity of cooled 
InAs detectors offer decided aclvant~ges over cooled or uncooled PbS de-
tectors. The cost of the InAs·detector is considerably higher than 
PbSe~ The PbSe detector was chosen because of its spectral response 
from 1-5 µ., its impedance is. such that it can be coupled directly into 
a high impedance preamplifier, it ha~ a relatively high n*, it; has a 
short time constant, and .its cost.· is low. 
System Components 
This section describes the components actu~lly used in the con-
struction of the detection system, The system is illustrated by the 
block diagram shown in Figure 6. The incoming radiation is collected 
by the optical system and reflected onto the chopper-which modulates 
1NCOMING 




I SECONOAR~ .· . .... fCHOPPERI 
MIRROR ~ MOTOR 
PREAMPLIFIER 
POWER SUPPLY 
AC VOLTMETER .. 
Hewlett Packard 
Model 400F 
.Figure 6e Block Diagram of Infrared System 
w 
~ 
the radiation falling on the detectorG The fluctuating voltage from the 
detector I s load rests tor is )Placed across the input. to the l!'llw noise 
preamplifier. The square wave output of the preamplif:i,ei;- is analyzed 
by an average responding rms ac voltmeter. A signal level ts always 
present from background radiation wh:l.le the system is in operation. 
Radiation from the target :J_s detected when the ac voltmeter responds to 
a signal above the background i:-a.di,ation level. The spectral response 
curve for the J;>bSe detector i$·shown in Figure 7. Johnson; Cozine, and 
Mclean (20) have described the PbSe detector performance for 256°K to 
0 . . . 
373 K. The PbSe ~etector is, phot9con4uctive detector and requires a 
bias voltage for its operation. A method for the determination of the 
optimum bias for a particular photoconductive detector is described by 
reference (11). The optimum bias Eb for a particular detector is 
usually supplied by the manufacturer (See Appendix A). The bias circuit 
for the PbSe detecto:,:- is shown in Figure 8. !he bias circuit consists 
of the 1 megohm load resistor R1, the PbSe detector Re and the bias 
battery. A change in the conductivity of the PbSe detector will be de-
tected as a change in the voltage across the load resistor R~ when the 
fixed bias Eb is applied across the detector Re and the load resistor 
The load resistor R1 is a wire wound res;J.stor or special low noise 
resistor which is selected t;o match the dark resistance of the detector. 
A mismatch between the detector impedance and the load impedance is 
tolerable. The lolild resistor used for the detector listed in Appendix 
.A is a 1 megohm resistor. The dark resistance of the cell is 3 megohms. 
In order to permit use of an ac amplification system, the radiation 
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BIAS CIRCUIT PREAMPLIFIER CIRCUIT· 
Figu:re 8. Detector Bias Circuit and Preamplifier Circuit 
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to produce a fluctuating volt~ge signal whose amplitude is related to 
the intensity of the incident radi~eion. 
The PbSe detector is mounteq ~n a shielded enclosu~~ and the chop-
per is placed immediately in front to mQdulate the incident radhtion. 
The PbSe detector responsive element is a film chemically deposited 
upon a quartz subst;rate. The detector pa1;ameter~ for the particular 
PbSe detector l,lsed in the detection system are listed on the detector 
data sheet given in Appendix A. It is a 2nun x 2mmdetector operating 
at 295°!<~ The.o* :vatues \lave bee~ measured at an optimum chopping fre-. 
quency of .840 Hz• .The chopper mot~r used in the detector system uses 
a ten blade chopper to chop the inc9ming radiation at 900 lfz~ The chop-
' . . . 
per motor operates· from a 1.2 · v. battery .and draws O., 18 arQp. The PbSe 
detector and its bias circuit have· been described.· ·The optimum bias 
·voltage Eb for the detector is lQO v and is supplied by a bias battery. 
• • ' ' • I • • • ' 
The CUJ;".rent in the bias circuj.t ;i.s 25 microamp. The dark reststance of 
the detector. is . 3. 0. megohms. 
The preamplifier used in the detection system is a, low noise, high 
input impedance amplifier. The amplifier uses a field effect transistor 
(FET) for the input stage. The term "noise figure" ts used to describe 
the noisiness of a device. The 2N2498 FET transistor is capable of a 
low noise figure of less than 3db. l'he FET provides the low noise f;i.g-
ure in the low-frequency region (less than lOKHz), and allows low noise 
designs for source impedances into the megohm region.· The cireuit dia-
gram of the preamplifier bu;i,lt for the detection system is shown in. 
Figure 8. The amplifier has a fixed gain of 100 and an input impedance 
of 10 megohms. The power supply i!!JI a 22\ volt battery and the current 
drain is 2 II\illiamps. The preamplifier must take the.detector signal 
level in the Level and 
transm:U: this s lL over a to the ac voltmeter. The 
objective is to produce a preamplifier that matches the of the 
detector and has a lowei;- noise level than the detector. The noise level 
of the detector is then the primary source of noise in the system. 
Construction of the system demanded that all electronic components 
be carefully shielded to prevent the introduction of noise into the 
detector signal by stray fidds. The preamplifier, the detector and the 
detector bias supply aU required shielding, Shielded table was used 
for all connections between the various components of the system. The 
detector bias circuit is shown in Figure 8. Other components can be 
seen in Figure 9. 
The preliminary appraisal of mirror systems for use in a fire de-
tection system considered reflecting optical systems. Such a system 
could be a simple spherical mirror or a compound reflecting optical sy~-
tem (Figure 6). The focal point of a spherical mirror lies in front of 
the mirror's reflecting surface. The photpdetectors that were consid-
ered generally require that the incident radiation be modtilated by a 
chopper. It is difficult at best to locate the photodetector and chop-
per motor at the focal point of a spherical mirror. A compound reflect-
ing system or folded s1stem locates the focal point of the mirror system 
behind the primary mirror. In this case, the photodetector and chop-
per motor can be conveniently located behind the primary mirror. 
Two folded systems were of interest, the Cassegrainian system, and 
the Gregorian telescope. The Cassegra~nian system uses a parabolic re-
flector for its primary mirror and a hyperbolic reflector for its 
secondary mirror. The Gregorian telescope consists of a parabolic pri-
F ~gure 9. Infrared System Assembly 
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mary mi~ror and an ellip~ical $eccndary mirror~· Mi~rors f©r infr~red 
instrumentati©n ~re generally n~t commerc!ally available but are custom 
designed for each particulair application. lnvestig<!!ltfon ~s t@ the cost 
of such systems placed the starting price ~t $1500. This type of sys-
tem was thus beyond the budget of the project. 
The optical system used in the infrared detecticin system is pictur-
ed in Figure 9, and in Figure 6 the system is shown schematically~ The 
optical system consists of a 6.\- 11 spherical primary mirror and al ·uarr 
spherical secondary mirror. ·The primarymirror has a focal length of 
4" and the s¢condary mirror has a focal length ofS/8 11 • · The first ... sur-
face mirrors have a high-l;'eflecting coating of vacuum-deposited aluminum, 
Durable, thin evaporated aluminum coatings have a r-eflectance -of more 
thart 95% between Zand 10µ.(ll). 
The mirrors . u$ed in the op.t ical sy$t;em are arranged to form an 
·. · af~cal system. · An afocal ~ystem halii its object and image at infinity 
and thus has no focal length. A.nafocal _system compc;,sed of two com-
ponents is so arranged that the ima$e of the first component, which is 
the object for the second,·· lies exactly at the first focal point of the 
second comporteqt and ls thus reimaged at in:fini.ty. The incoming radia-
tion is not focused onto the detector. 'l'he optical syi;tem was used 
because it was on hand in: the laborat;ory. It was realized that it 
would be far from ideal. 
The completed infrared detection system is shown mounted on a tr_i-
pod in Figure 10. The detection system is housed in a plastic cylinder. 
The interior of the cylinder was sprayed with flat black paint to mini-
mize reflections inside the system. The ac voltmeteris also shown in 
the picture with its own power suppiy. The other battery is the 12 volt 
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Figure 10. Picture of Operational Infrared System 
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CHAPTER IV 
S~Y AND CONCLUSIONS 
The primary objective of this thesiswas·to design .and construct 
an infrared stste~·to det~ct incipient forest fires. The infrared sys-
tem was field tested udng a small fire as a target. TaJ;"get to back-
ground measurement;s were made during· _the day and during the night. 
From the field test was gained an app;reciation for the discrimination of 
a target against various backgrounds.. Background radiation possesses a 
difficult discrimination problem for infrared equ-ip1I1ent. The primary 
objective was to investigate the various parameters and problems of 
fire detection and not necessarily optimize-the performance of the in~ 
frared system constructed. 
The target used in the field test consisted of five logs, 411 in 
diameter and 2 feet long, st~cked to form a small fire~ The target was 
observed in daylight shortly befc;>re sundown while the effects of solar 
interference could be observ~d, and the target was observed at night 
when the background radiation would b~ due primarily to the terrain. 
The target was observed at va;rious distances by the infrared system, 
and the results of the field test are presented in Table III. 
The effects of solar radiaj:ion were easily.observed during the day-
light operation of the system.· At 30 feet from the target when the tar-
get fills the field of view of the system, the targ.et was easily dis-
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was not ~bserved. When the deteciion system was at 100 feet the effect 
of the solar radiation was re~dily Qbserved~ The sky background is 
primarily caused lby the scattering and the reflection cf solar radfatfon 
by the atmosphere and pi;trticles in the atmosphere. The signal level of 
the sky background was 0.5 volts. With the detection system located in 
the shade, the background signal. level of the terrain was 0.2 volts. 
When the detection system was located in direct i;unlight the signal 
level was 0.5 volts. Thus, when the system is located in direct sun;. 
light, the effects of solar interference predominate the radiation from 
the terl;'ain. Most of the radiation from the· target occurs in the ,3 µ, to 
6 µ, region, but the problem of discriminating the target from daylight 
background radiation and its fluctuations· is. a serious op.e for the in-
frared detect:i,on system.· The background radiation can be greatly reduc-
. . : . . 
ed by optically f:i,ltering· out·all received radiation below 3µ.. The 
effect of the opt:i.cal filters on the r,adia~iort fhix 'eritering .the system 
is taken into account by the transmission factor 'T'o which was discussed 
earlier. 
. . . 
Night observation of the target resulted iil increased range in the 
detection system. At night the background radiation that was due to 
solar radiation during the day ii, no longer. present. Only the back-
ground radiation due to the thermal emission.of the atmosphere and ter .. 
rain is present. l'he signal level of the night background was about 25 
millivolts. A lower backgrol.lnd radiation level than was present for 
daytime observation results in.a better signal to noise ratio and a 
corresponding increase in the range of the system. 
The night the field test was conducted the sky was clear and a 
quarter-moon :was presept. The radiant energy received from the moon is 
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face and absorption by the intervening s. The effect of moan-
light W©!S noted 
The b~ckground level from the moonlit trees was 35 millivolts. The 
background level (rom the other background was 25 millivolts. The sky 
background in this instance is now due primarily to scattered moonlight. 
The sky background s:i,.gnal level was 35 millivolts. Moonlight introduces 
another sourc;:e of background radiation which the target must be discrim-
inated against. 
This simple system does provide an understanding of the forest 
fire detection problem. Field test results provided an appreciation 
for the discrimination of the target agains~ terrain and sky backgrounds. 
The design phase provided experience on equipment design .;1.nd component 
layout •. The problems experienced during construct ion were problems of 
shielding and component placement. 
The performance of this system could be greatly improved by incor-
porating into it orte of the other folded optical systems discussed 
previously. The optical system used was far f:i;-om ideal. The other com-
ponents, the detector, and the preamplifier were carefully selected, 
and the results that w.ere obtained were due to these selections. 
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Detector Impedance Noise Signal D* (500~¥, 840) 
cm Hz'2/watt No. {mej?iohmsl ML -.lli.YL 
5298-1 3.0 1. 7 290 4.1 x 10 8 
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CALCUIATED 
D~< O,m1 840) 
cm Hz':i/watt 




9.0 x 102 
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